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1 1. INTRODUCTION
Femtosecond laser optical waveguide writing has
attracted a lot of interest as it continuously demon
strates its capability to achieve complex threedimen
sional photonic structures with very simple equipment
in rapid prototyping process [1–3]. Longitudinal and
transverse writing geometries are possible by adjusting
the relative translation between the beam and the sam
ple. In the longitudinal geometry, the waveguides are
intrinsically symmetric, however the waveguide
dimension is limited by the focal length of the focusing
objective [4, 5], and homogeneous longitudinal
waveguide writing requires dynamical aberration com
pensation [6]. The transverse geometry provides a
much greater flexibility and allows one to write
waveguides or photonic circuits of arbitrary length and
complexity. However it has the disadvantage of pro
ducing a strong asymmetry in the waveguide cross
section. The waveguide crosssection has a width
equal to about twice the beam waist, while it has a
dimension in depth of the order of the confocal
parameter, which is typically much larger. This prob
lem can be overcome by the use of suitable beam shap
ing techniques [7, 8]. Circle crosssection waveguides
in silica, polymer and borate glass has been success
fully demonstrated in one dimensional writing scheme
[9–12]. Nonlinear effect has been considered and
achieved deep writing in fused silica with a mechanical
slit [13]. Also a twodimensional deformable mirror to
1  The article is published in the original.
shape the spatial profile of an ultrafast laser beam was
demonstrated to inscribe circular crosssection
waveguide in sodalime silica glass slide [14]. In fact,
astigmatic writing beam worse the waveguide cross
section if the sample is translated parallel to the short
axis of the astigmatic beam. So a cylindrical telescope
or a fixed slit can’t achieve twodimensional circle
crosssection waveguide which is normal required in
planar lightwave circuit (PLC) chip, such as direc
tional coupler, wavelengthdivisionmultiplexed
(WDM), arrayed waveguide grating (AWG) [15]. In
order to obtain circle crosssection waveguide in two
dimensions, a simple method is to rotate the slit corre
sponding to the waveguide configuration. More par
ticular, the long axis of the astigmatic writing beam
keeps parallel to the tangent line of the waveguide arc.
In this article, a mechanical slit fixed on a computer
controlled 360° rotation stage is used as a dynamical
slit to realize 2D circle crosssection waveguide.
2. THEORY
Since the first report on realization circular cross
section waveguide writing with astigmatic laser beam
[7], it is the key consideration to understand how to
calculate the aspect ratio of truncated Gaussian beam
or elliptical Gaussian beam. Geometry optics has been
employed based on a condition that the beam waist at
one direction is set to equal to the confocal parameter
[7, 11], and an aspect ratio of about 3 has been
obtained. However it seams to be underestimated, low
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repetition rate laser experimental results (no strong
thermal effect) is bigger than the theoretic prediction.
Then diffraction method has been proposed [16]. The
writing of circular crosssection waveguide has been
demonstrated in simulation and experiment with a 12
aspect ratio, which is bigger than most experimental
results so far [17, 18] if neglecting the material differ
ence and nonlinear effects during writing a waveguide
with femtosecond laser. In spite of this, diffraction
theory is an accurate method to this problem, just need
special algorithm to get high precise solution. Here we
tried to improve geometrical models by using a trun
cated Gaussian beam model. And find that geometri
cal optics can’t hold any more due to intense diffrac
tion. A simple model is proposed to explain how dif
fraction affects the focus position and confocal
parameter.
In an attempt to improve the model which based on
geometry optics, we compare the results under three
kinds of beam parameters, plane wave in x and y direc
tions, Gaussian distribution in x and y directions, and
Gaussian beam in y direction and plane wave in x
directions. The position of the slit is shown in Fig. 1.
Beam parameters and focusing objective parameters
are as following: the diameter of laser beam is 6 mm,
the NA of focusing objective is 0.55, the effective focal
length of objective is 4 mm, and the wavelength of the
writing laser is 800 nm. Here we used 50% maximum
as the radius of beam waist considering that the defini
tion of Rayleigh length is the distance along the prop
agation direction of a beam from the waist to the place
where the area of the cross section is doubled, that is,
intensity is half of the maximum. For plane wave the
beam waist is 0.84λ/NA, and the beam waist of Gaus
sian beam goes to ωY = 1.09λ/NA when truncated ratio
goes to infinity, and ωX = 1.03λ/NA [19]. The laser
intensity distribution near the laser focus decides the
crosssection configuration of waveguide, the princi
ple to realize a circular crosssection waveguide is to
keep the bigger beam waist between two beam waists at
orthogonal directions (X direction beam waist in this
paper) equal to the confocal length (twice Rayleigh
length). Here Rayleigh length is derived by the smaller
beam waist. Under those conditions, confocal param
eter is 2.93 μm, NAx = 0.23, and the aspect ratio is 2.4,
for plane wave; and confocal parameter is 4.94 μm,
NAx = 0.17, and the aspect ratio is 3.3 for Gaussian
beam, and confocal parameter is 4.94, NAx = 0.14, and
the aspect ratio is 4.0 under the third condition. Our
experimental results are the range of 7.5 to 10. So it
shows that plane wave is the poorest and the condition
of Gaussian beam in y direction and plane wave in
X direction is the most close to experiment.
When considering diffraction effects, we assume
there are two independent beams with different beam
waists going through a same objective. Gaussian laser
beam is focused by a lens and the point of the absolute
maximum irradiance of the focused field is located on
the axis but at a distance difference Δf, as called focal
shift [20–22]. An explicit expression of the relative
focal shift in focused, apertured Gaussian beam:
(1)
where ΔfG = –f/(1 + π
2G2), G = ω2/λf, f is focal length,
λ is the wavelength of laser. ΔfD = –f/{1 + N[1 +
(π2N/12)1.51]1/1.51}, N = α2/λf, α = N/G, a is radius of
circular aperture. N is Fresnel number of diffracting
aperture, represents the number of Fresnel zones that
fill the aperture when the aperture is viewed from the
geometrical focus. In our up mentioned parameters,
Fresnel number is 704 in y direction when laser beam
is 3 mm (equal to the diameter of objective pupil), and
focal shift is 8 nm. However in x direction Fresnel
number is 12.5 when slit width is 0.4 mm, it contrib
utes a focal shift of 30.3 μm which is bigger than con
focal length (about 5 μm). Now it is clear that the foci
in x direction and in y direction are not same position.
Confocal parameter is extended extensively, can’t cal
culated by Geometry optics. This situation is shown
schematically in Fig. 1a. The effective focus of astig
matic beam should be located in the between ZX0 and
ZY0. By use formula (1), we calculated the dependence
of focal shift on slits width, shown in Fig. 1b. Focal
shift increases exponentially as the width of slit
Δf ΔfG 1 0.3α
2
–( )exp–[ ]=
+ ΔfD 0.3α
2
/G–( )exp[ ],
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Fig. 1. Focal positions of a focused Gaussian beam after a
slit (a). Due to Fresnel numbers are different for two
orthogral directions, focal shift at x direction is more big
ger than y direction. As a results, the real focus of focused
Gaussian beam after slit will locate between Zx0 and Zy0.
(b) Shows the dependence of focal shift on radius of aper
ture.
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decreases. It is easy to understand that smaller slit pro
duces stronger diffraction. However it is difficult to
calculate precise results based on Fraunhofer diffrac
tion theory [23, 24].
3. EXPERIMENT SETUP
The structures presented below were achieved in
the transversal configuration, where the sample is
translated perpendicular to the laser propagation axis.
Polished fused silica parallelepipedic samples are irra
diated with 120 fs pulses from an 1 kHz Ti:sapphire
ultrafast regenerative amplifier laser systems (Spitfire,
SpectraPhysics) which delivers an average power of
800 mW at the center wavelength of 800 nm. A com
puter driven electromechanical shutter, synchronized
with the movements of the positioning system (Physik
Instrumente M405.DG, M126.DG, M111.PD)
permits the writing of longitudinal structures in the
bulk of the sample. A long working distance micro
scope objective (Mitutoyo, NA = 0.55, WD = 13 mm)
is employed to focus the femtosecond beam in the sil
ica glass. A Zerniketype positive optical phasecon
trast microscopy (PCM) system is employed to moni
tor the laserirradiated areas. The slits with sizes of
6.0 × 0.5 mm, 6.0 × 0.4 mm, and 6.0 × 0.3 mm are used
to generate an astigmatic writing beam. The slit is in
the holder of a rotation stage (Physik Instrumente
M060.DG). There are two YZ stages to help optical
alignment. One stage makes sure that the writing laser
beam goes through the center of the rotation stage,
and another one to adjust the position of the slit at the
center of the rotation stage. The movement of the
rotation stage is decided by the curve of the designed
waveguide. Since the effect of spherical aberration is
not negligible thus leading to an increase of aspect
ratio [16]. The experiment was conducted at a focal
depth of 200 μm. The schematic of experimental setup
is shown in Fig. 2.
4. STRAIGHT WAVEGUIDE WRITING
In order to determine the optimum slit width for
fabricating waveguides with circular crosssections,
groups of channels were written at the same pulse
energy but with slit widths ranging from 300 μm up to
500 μm. After irradiation, the sample was sidepol
ished and checked under an optical microscope in
transmission mode. The aspect ratio near 1:1 obtained
with 400 and 300 μm slit. Looking back the focal shift
shown in Fig. 1, it is easy to understand why there is
big error between geometrical optics prediction and
experimental results since the focal shift is more bigger
than confocal parameter.
In relatively gentle exposure conditions, two inten
sity dependent regimes of positive refractive index
modifications, hereafter referred to as type I and type
II, were mentioned upon irradiation with 800 nm fem
tosecond laser pulses in early paper [25, 26]. The guid
ing properties of type I and type II waveguides have
HWP PS Slit
CCD
OBJ
LEDXYZ stage
x y
z
Fs laser
PCI driver
Fig. 2. Experimental setup of the femtosecond laser waveguide writing arrangement indicating the irradiation geometry: HWP
half wave plate, PS polarized splitter, OBJ microscope objectives, LED lightemitting diode. The slit is fixed on a YZ stages which
is in the holder of computercontrolled rotation stage. Another YZ stages under the rotation stage is used to align laser beam going
through the center of the rotation stage.
θ stage
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been analyzed in our recent paper [27]. The fantastical
nonlinear effects [5, 28] such as supercontinuum gen
eration in nanoporous doped glass in the structure
induced by femtosecond laser is absent in our case. In
transversal writing configuration, there provides type I
and type II waveguides. And a schematic description
of the processing window for each resulting waveguide
type in a transversal writing configuration with the slit
was given in Fig. 3, under following irradiation condi
tions: 100 fs pulse duration, radiation wavelength
800 nm, laser repetition rate 1 kHz. The size of the slit
is 6.0 × 0.4 mm, the NA of the focusing objective is
0.55NA, the pupil of the objective is 3 mm. The evalu
ation is performed at a working depth centered around
200 μm. The reported pulse length values were mea
sured after the focusing objective and were determined
by adjusting the compressor position to compensate
additional dispersion. Region I produces smooth and
low loss type I waveguide, and region 2 is according to
type II waveguide which is high optical loss and polar
ization sensitive normally.
Figure 4 shows the phase contrast pictures and the
crosssections of the waveguides written at different
speeds. Black crosssections comes from the scattering
or absorption of the waveguides, the resulting phase
contrast pictures of the waveguides are white and pos
sesses birefringence. When the scanning speeds is
beyond 40 μm/s, the crosssection is white in trans
mission microscopy, which shows a good guiding
property. Figure 5 shows the crosssection of the
waveguides written with 300 μm slit at different scan
ning speed. The diameter of the type I waveguides
almost keeps constant under different scanning
speeds, is about 5.2 μm, this value is very close calcu
lated one when taking half maximum full width
(HMFW) of a Gaussian beam waist (in our case, it is
4.94). The guiding properties were checked by injec
tion HeNe laser, it is a typical type I waveguide, and
there is no polarization effect and birefringence.
5. CURVED WAVEGUIDE WRITING
Based on straight waveguide writing condition, we
conducted 90° circular arc waveguide writing. As the
rule of thumb, realization of circular crosssection arc
waveguide fabrication requires a rotating slit. The long
axis of the slit keeps parallel to the tangent line of the
waveguide arc. Circular arc simplifies this calculation
requirement of tangent line of curve. During writing,
just keep the angle of slit equal to that of the writing
arc. The inset rectangles in Fig. 6a present the direc
tion of the slit while writing an arc. Femtosecond laser
inscribed waveguides feature very low index changes
and always qualify as weakly guiding structures in fused
silica. Typically, index changes is between 0.0001 and
0.001 in silica [4, 29]. Considering this small refractive
index changes leads to huge bend loss at small radius,
we wrote an arc with a radius of 500 and 600 μm. A
0.5 1.0 1.5 2.0 2.5 3.0
Power, mW
1000
900
800
700
600
500
400
300
200
100
0
Speed, μm/s
Fig. 3. Processing windows for generating type I transverse
waveguiding traces in fused silica with a 400 µm slit.
10 μm 10 μm
10 μm/s
20 μm/s
40 μm/s
80 μm/s
160 μm/s
320 μm/s
640 μm/s
Fig. 4. Transversal waveguides and crosssection in SiO2
written by 800 nm femtosecond laser radiation at different
scanning speeds. The width of the slit is 400 µm. Images in
the left frame show top view PCM pictures of photowritten
waveguides at different speeds indicated on the left side.
The dark colors indicate a positive refractive index change
and the white colors suggest negative index variations or
light scattering. The right frame shows the crosssections
under transmission microscopy. The white spots show the
collecting ability of the waveguides, inverse the black spots
show strong scattering or absorption. The power is 1.5 mW
after the slit.
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square fused silica sample is employed for convenient
mode check of waveguide two crosssections at
two ends. The laser power is 1.2 mW. Linear velocity is
about 50 μm/s here.
Figures 6b and 6c are the cross sections of the two
ends of the waveguide. When we check out the cross
sections of the arc waveguides, the sample is rotated
to vertical in compared with the writing condition.
So there is a shadow in the crosssection pictures.
Figure 6d is a portion of the arc waveguide viewing in
transmission microscopy.
6. CONCLUSIONS
We demonstrated how to realize a fabrication of
circular crosssection waveguide in two dimensions
with a dynamical slit. It is helpful to planer lightwave
circuit (PLC) chip in glass. The dependence of cross
section on width of the slit was investigated in experi
ment, and processing window for type I waveguide was
given under the conditions of our parameters. The dif
ference of slit width between geometrical optics pre
diction and experimental result was explained by con
sidering the focal shift in xy directions due to diffrac
tion effects.
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